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Abstract 
The history of high level nuclear waste vitrification in France is told, from the first research on the solidification of fission 
product solutions led by Roger Bonniaud at Saclay in the 1950s, up to the last incineration/vitrification processes still under 
development in Marcoule. The first pilot facilities, Gulliver and PIVER in Marcoule, opened the way for industrial development, 
beginning with the Marcoule vitrification facility (AVM) commissioned by COGEMA (now AREVA) in 1978, and followed by 
the start-up of two vitrification units at La Hague in 1989 (R7) and 1992 (T7), and the implementation of a cold crucible melter 
on one of the six La Hague vitrification lines in 2010. 
Looking back over more than half a century reveals some of the keys to French success in this area: a major program of 
sustained and continuing research (rather than by fits and starts); continuous interaction between “material definition”, 
“technological research” and “long-term behaviour”; and strong synergy with industry (AREVA) leading to the creation of a 
Joint Vitrification Laboratory in 2010. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the scientific committee of SumGLASS 2013. 
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1. The birth of the French vitrification 
Fission product solutions began to accumulate after the Second World War in all the countries where nuclear 
fuel was reprocessed for defense purposes (USA, USSR, UK, and France). These highly radioactive and very 
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complex solutions containing some 40 chemical elements must be continuously stirred and cooled to dissipate their 
thermal power. Conserving them in the liquid state is not a sustainable option, and France quickly began to examine 
solidification processes. The first research on the solidification of fission product solutions began at Saclay in the 
1950s, led by Roger Bonniaud. The program began by attempting to produce synthetic minerals such as phlogopite 
mica, but glass soon proved to be the only material capable of immobilizing all the elements present in such 
complex solutions. The first radioactive glass was synthesized at laboratory scale at Saclay in 1957 (Fig.1), then in 
1964 at Fontenay-aux-Roses. Radioactive glass was produced at a larger scale (10 kg) in the 1960s at Marcoule by a 
sol-gel process in the Gulliver cell. 
 
                                  
                      Fig. 1. First Vulcain cell in Saclay                                         Fig.2. Piver viewed from the main window 
 
By 1968 the PIVER facility (Fig.2) in the Marcoule Pilot Plant was capable of vitrifying high-activity solutions 
(fission products from natural uranium graphite gas reactor, as well as from Phenix fast reactor) at semi-industrial 
scale (200 kg); glass was melted by batch, in a metal melter, heated by induction. Between 1969 and 1973, 25 m3 of 
solution were vitrified, producing 12 tons of highly active glass (1.5 1017 Bq). 
 
PIVER received international recognition with the ANS Nuclear Historic Landmark Award in 1989. 
2. The vitrification increase 
This achievement opened the way for industrial development, beginning with the Marcoule vitrification facility 
(AVM) commissioned by COGEMA (now AREVA) in 1978. The AVM process (Fig.3) is a two-step process where 
the fission product solution is continuously introduced in a calciner and where the glass is melted in a metallic 
furnace heated by induction. 
5 Étienne Vernaz and Jérôme Bruezière /  Procedia Materials Science  7 ( 2014 )  3 – 9 
 
Fig.3. Two-step calciner / hot crucible French vitrification process 
The success of AVM, which began to empty the fission product solution tanks at Marcoule, made it possible to 
confidently consider vitrification of the fission product solutions produced in the reprocessing plant then under 
construction at La Hague. This plant, associated with the development of commercial nuclear power in France, was 
designed to reprocess virtually all the spent fuel from the 58 French pressurized water reactors, as well as an 
equivalent amount of spent fuel from international partners. AVM did not have sufficient capacity to meet these 
needs, and CEA research was intensified to address the new commercial vitrification requirements. This 
technological research increased the capacity of the existing process, allowing the start-up of two vitrification units 
at La Hague: R7 (1989) and T7 (1992) with 3 vitrification lines in each (fig 4). 
 
Fig.4. Hot cells vitrification lines in R7 or T7 
This two-step process (calcination, and vitrification) was then sold to the British (BNFL) that started the 
Sellafield vitrification plant in 1990. 
3. Tailored glasses 
Research also focused on the material itself: glass. Fission Product Solutions produced at La Hague by PWRs† 
fuel processing are very different Marcoule solutions issued from GCRs‡ fuel, and requires the development of new 
glasses. 
 
 
† Pressurized water reactors (PWRs) are the nuclear power plants operated today in France 
‡ Gas-Cooled Reactors (GCRs) that was the first generation of nuclear reactor used in France. 
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Developing a high-quality glass suitable for production at industrial scale from a process solution containing not 
less than 40 different chemical elements is no small feat1.  
The combined influence of all elements of glass on a range of properties has been be studied (Fig. 4): 
homogeneity, melting temperature, viscosity, phase separation, crystallization, leaching, radiation effects, etc.. The 
program resulted in the definition of “R7T7” glass, which remains today a reference for its confinement quality.  
 
Fig.5. Development of glass composition-The key role of an integrated approach 
4. Glass long-term behaviour  
Further research addressed the long-term behaviour of the glass, leading to the development of a true science of 
long-term behaviour that has been progressively applied to all kind of matrices developed for geological disposal 
(cement, bitumen, metal containers, spent fuel, etc.). 
Glasses doped with short-lived actinides (244Cm, 238Pu) allow "accelerated aging" producing within a few years the 
radiation effects that occur in 10,000 years at an industrial glass. Other studies focus on the thermal stability and 
allow to show that 400 kg glass blocks which have not crystallized during their cooling does not crystallize over 
thousands of years at low temperatures. A very large number of studies were also conducted to understand all the 
mechanisms of glasses alteration by water. 
All these long-term behaviour studies (Fig. 5) were highly amplified and put on the front of the stage by the 
Nuclear Waste Act of December 1991, as the survey authority attaches great importance to the proof of the good 
glass long-term behaviour in deep geological disposal. 
 
 
Fig.6. Long-term behaviour studies including active and inactive tests, as well as modelling. 
Scores of PhD dissertations and hundreds of publications have laid the groundwork for robust glass alteration 
models supported by a broad network of joint international programs. “Operational models” that are reasonably 
conservative with respect to all related uncertainties have been developed for each matrix.  
Today they guarantee minimum performance values for specified glasses under specific environmental conditions. 
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5. The Cold Crucible Induction Melter development. 
Twenty years later, in order to improve capacity and flexibility, and to reduce still more the secondary waste 
generated during operation, CEA and AREVA decided to implement the Cold Crucible Induction Melter (CCIM) 
technology in one of the six vitrification lines at La Hague. 
Thanks to its unique architecture, CCIM technology paves the way to new vitrification solutions. 
 
          
 
Fig.7. The cold crucible Induction melter ; (a) principle   (b) as implemented in La Hague 
The CCIM (Fig. 6) is a water-cooled induction melter in which the glass frit and the waste are melted by direct 
high frequency induction.  
This technology can handle highly corrosive solutions and operate at high temperatures, offering a number of 
interesting opportunities: 
x new glass compositions can be produced (which was not achievable with the metallic melter), 
x glass production capacity can be increased. 
A new project, known as “Vitrification 2010”, was launched in 2005 with the objective of putting a CCIM into 
commercial operation in one of the existing R7 vitrification lines in 2010. One of the main challenges for the project 
team, in addition to the development and nuclearization of the technology itself, was to replace the existing melter 
with a CCIM within a vitrification cell already in operation for many years.  
The industrial commissioning of a CCIM on an existing vitrification line in the R7 facility is the successful 
outcome of an innovative, complex and ambitious 5-year project, preceded by intense R&D. It is the result of very 
close collaboration between the CEA and AREVA. AREVA’s experience in project management, which has already 
been demonstrated through numerous industrial achievements in France and throughout the world, was key to 
keeping the La Hague vitrification facilities in operation while integrating the major investment program, 
"Vitrification 2010", perfectly on schedule and within budget. This was the first time that such complex operations 
were carried out in highly radioactive cells (Fig. 8). 
 
 
Fig. 8. CCIM in active cell at La Hague 
(a) (b) 
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In parallel with the implementation of the CCIM at la Hague it was possible to develop and qualify matrices 
adapted to the melter and to various waste considered for this melter: 
x Rinsing effluents from the decommissioning of some older facilities. 
The first stream to be treated industrially was decommissioning effluents from the UP2-400 facility. This 
new glass formulation (CSD-B) is always poured in the Universal Canister and managed as the other UC-
V. At the end of 2012, hundred and ninety canisters of this type have been produced with the CCIM. 
x Legacy waste rich in molybdenum. This molybdenum-rich waste could not be processed in metallic melter 
owing to its corrosiveness and to the low solubility of molybdenum in traditional borosilicate glass. For this 
waste, a glass-ceramic matrix was designed, which is molten at temperatures that cannot be reached in a 
metallic melter. During 2013, 28 CSD-U, containers filled with UMo glass, were produced.  
 
These first industrial campaigns allowed to validate (i) a good behaviour of the process in active conditions 
compared with operating parameters which were defined in R&D phase within the Join Vitrification Laboratory (ii) 
throughput in accordance with inactive tests (iii) a good representativeness of calcination and off-gas process 
behaviour (iii) the conformity of canisters within guaranteed parameters defined in R&D phase for UMo 
specification. 
6. Incineration-vitrification 
If vitrification was primarily focused on the solutions of fission products in the past fifty years, it will probably 
expand in the future to the field of intermediate-level waste devoted to geological disposal. 
Indeed incineration / vitrification (e.g. technologies coupled plasma as shown on Figure 8) can handle liquids 
and organic solids, mixed waste, sharply reducing their volume and confining the ashes in a durable mineral matrix 
(glass or glass-ceramic). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9. The « Shiva »incineration/vitrification process. 
This dual process allows the treatment of complex waste such as those containing organic matter and which are 
not desired for long-term storage or final disposal due to gassing caused by radiolysis phenomenon. 
7. Creation of a Joint Vitrification Lab 
In order to get cooperative development capability to the next level, AREVA and CEA decided a few years ago 
to form a joint laboratory called LCV (French acronym for Laboratoire Commun de Vitrification) and keep 
developing HLW vitrification technology, as demonstrated by the development and implementation of CCIM 
technology. This laboratory located at Marcoule has about 150 people. 
Apart from the continued performance enhancement of both hot crucible, and cold crucible vitrification, a strong 
common purpose of this laboratory is to develop the incineration/ vitrification "technology, which will extend the 
vitrification toward a broad spectrum of organic or mixed waste. 
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8. Conclusions 
With more than twenty thousand canisters produced to date in three industrial facilities, France benefits from the 
largest experience worldwide in commercial vitrification of highly active liquids. (See table 1) 
          Table 1. Total Records of operation by the end of 2013 
 Canisters (Number) Mass of glass (Metric ton) Activity (TBq) 
AVM 3306 1220 22x106 
R7T7 17667 7032 269x106 
Total 20973 8252 291x106 
 
Looking back over more than a half-century of continued research and industrial operations, some of the key 
factors to French success in this area can be outlined: 
x A major program of sustained and continuing research (rather than by fits and starts); 
x Continuous interaction between “material definition”, “technological research” and “long-term behavior”; 
x Strong synergy with industry (AREVA) leading to the creation of a Joint Vitrification Lab. 
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